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The VPAC2 Receptor Is Essential
for Circadian Function in the
Mouse Suprachiasmatic Nuclei
visual system and from the periphery and impose circa-
dian patterning across the organism via neural and neu-
roendocrine pathways (Buijs and Kalsbeek, 2001; Ueyama
et al., 1999). Circadian clocks in insects and vertebrates
have a conserved molecular mechanism, in which pu-
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circadian expression of the core clock genes mPer1, The actions of VIP and PACAP in the SCN are medi-
mPer2, and mCry1 and the clock-controlled gene argi- ated through two G protein-coupled receptors, the PAC1nine vasopressin (AVP) in the SCN. Moreover, the mu- receptor (selective for PACAP) and the VPAC2 receptor,
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In mammals, circadian rhythms of physiology and be- They resynchronize more quickly than wild-type (wt)
havior are coordinated by a master clock situated in controls to an advance in the light-dark cycle and exhibit
the suprachiasmatic nuclei (SCN) of the hypothalamus a significantly shorter free-running rhythm of wheel-run-
(Weaver, 1998). The SCN integrate information from the ning activity (Shen et al., 2000). Furthermore, the phase
of the rat SCN pacemaker can be reset in vitro by the
selective VPAC2 receptor agonist Ro25-1553 (Gourlet7 Correspondence: tony.harmar@ed.ac.uk
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Figure 1. Generation of Vipr2/ Mice and Binding of Ro25-1553 in the SCN
Schematic diagram of (A) wild-type allele, (B) targeting vector, and (C) targeted allele showing restriction sites for EcoRI (E), EheI (Eh) ScaI
(Sc), SacII (Sa), and XbaI (X) and positions of probes A and B and primers P1, P2, P3, and P4. EcoRI digests of genomic DNA from ES cells
hybridized with probe A (D) and probe B (E).
Amplification of mouse genomic DNA by primer pair P1 and P2 (F) and P3 and P4 (G).
Coronal sections of the brain from wt (H, I, and J) and Vipr2-/- (K, L, and M) mice were incubated with labeled 125I-Ro25-1553. (H) and (K) are
autoradiograms showing total binding of 125I-Ro25-1553, while (I) and (L) show nonspecific binding (in the presence of 20 nM unlabeled Ro25-1553).
(J) and (M) are the hematoxylin-eosin-stained sections equivalent to (H) and (K), respectively. Strong labeling of SCN is seen in wt mice only (H).
et al., 1997) with a temporal pattern of sensitivity that Results
resembles the phase-resetting actions of light on rodent
behavioral rhythms. Creation of Vipr2/ Mice
A targeted disruption of the Vipr2 gene was generatedHere we report the creation of VPAC2 receptor null
(Vipr2/) mice and the characterization of their behav- in E14/4 embryonic stem cells by replacing a 132 bp
sequence containing the translation start site of theioral phenotype. In Vipr2/mice, rhythms of activity and
of gene expression in the SCN were grossly disrupted on Vipr2 gene (Figure 1A) with a LacZ-Neor cassette (Figure
1B). Vipr2/ mice exhibited no differences from wt lit-exposure to continuous dim red light, indicative of a
loss of circadian function. Our data suggest that the termates in gross morphology or fertility. Gene targeting
was confirmed by RT-PCR using mouse Vipr2 and HprtVPAC2 receptor is a necessary component of the circa-
dian mechanism of the SCN and that in its absence both gene-specific primers (data not shown) and by radiore-
ceptor autoradiography using the selective VPAC2 re-endogenous circadian timekeeping and sensitivity of the
clockwork to light are compromised. ceptor ligand Ro 25-1553 (Figures 1H–1M). Specific
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binding of 125I-Ro 25-1553 was detectable in tissues sis that masking by light was the principal determinant
of locomotor rhythms in Vipr2/ mice, animals wereknown to express the receptor, including the SCN, in
wt mice but not in Vipr2/ mice (Figures 1H and 1K). exposed to brief periods of dim red light during their
circadian day. As anticipated, wt mice exhibited veryAs further validation of the mutation, we examined the
expression of VPAC1 and VPAC2 receptors in the stom- little activity during these intervals. In contrast, on 43 of
the 45 occasions that the 15 Vipr2/ mice were testedach of wt and Vipr2/ mice (data not shown). VPAC2
receptors were detected in gastric mucosa of wt mice during circadian day, they responded by vigorous
wheel-running, indicative of circadian dysfunction.but not in Vipr2/ mice, whereas VPAC1 receptors were
present in gastric mucosa from both wt and Vipr2/ More detailed analysis further indicated that the
wheel-running activity of Vipr2/ mice in L:DR cyclesanimals. We conclude that the gene targeting was spe-
cific for the VPAC2 receptor and did not have any detect- is determined predominantly by light rather than by a
circadian clock (Table 1). The time of onset of wheel-able effect on VPAC1 receptor expression. There was
no detectable expression of the lacZ transgene in het- running behavior at the beginning of the dark period
was much more variable in Vipr2/ mice than in wt miceerozygous or homozygous Vipr2 null mice at any stage
of development, possibly as the result of transgene si- (Table 1), in most cases because of a delay in the onset
of activity after the beginning of darkness. Following alencing (Clark et al., 1997).
phase delay of 8 hr in the L:DR cycle, 50% of wt mice
showed anticipatory activity prior to the onset of dark-Wheel-Running Behavior in Vipr2/ Mice
ness, but none of the mutants did so.Vipr2/ mice displayed a characteristic circadian phe-
Although most of our analysis of the behavior ofnotype (Figures 2A–2D; see also Supplemental Figure
Vipr2/ mice was performed on animals on a C57BL/S1 at http://www.cell.com/cgi/content/full/109/4/497/
6J background, the salient features of the behavioralDC1). Both Vipr2/ and wt mice entrained to a 12 hr
phenotype (immediate reentrainment on the first daywhite light:12 hr dim red light (L:DR) lighting schedule.
following an advance or delay in the L:DR cycle, greaterThe overall activity of the Vipr2/ mice was significantly
variance in the time of activity onset after darkness un-less than that of wt animals. When the lighting cycle
der L:DR, absence of a clear-cut circadian rhythm ofwas advanced by 8 hr, Vipr2/mice re-entrained almost
activity when in DR:DR) were observed in F2 hybrids oncompletely at the first onset of darkness, and entrain-
a mixed 129P2/OlaHsd  C57BL/6J background andment was complete after 2.4  0.5 days (mean  SEM).
were not seen in littermate controls, nor in 129P2/In contrast, wt mice reentrained progressively over 6.7
OlaHsd mice (data not shown).0.5 days. There was no difference between the two
groups in the time of activity onset following an 8 hr
delay in the lighting cycle, probably because of the di- Rhythmic Expression of Clock Genes and AVP
Is Abolished in the SCN of Vipr2/ Micerect suppression of spontaneous activity, “masking”
(Aschoff, 1960), by light. However, in Vipr2/mice, reen- Brains from wt and Vipr2/ mice were collected across
the lighting cycle and processed by in situ hybridizationtrainment of the activity offset was immediate, whereas
wt mice reentrained progressively over several days. to monitor circadian patterns of clock gene expression.
In L:DR, wt mice exhibited high amplitude cycles ofWhen transferred to continuous dim red light (DR:DR),
wt mice exhibited robust circadian rhythms of activity mPer1, mPer2, and mCry1 mRNA expression in the SCN,
peaking late in the day (Figures 3A, 3B, and 3D). Thewith a  of 23.9  0.1 hr, with activity onset and offset
predicted by the phase of their entrained rhythm. In expression of mBmal1 mRNA was also highly rhythmic,
but delayed in phase relative to the other genes (Figurecontrast, Vipr2/ mice displayed only weakly rhythmic
activity, with no clear time of onset. Fast Fourier trans- 3C). Rhythms of mPer1, mPer2, mCry1, and mBmal1
mRNA were also observed in the SCN of Vipr2/ mice,form (FFT) analysis of the DR:DR data nevertheless
showed that the activity of both groups exhibited a dom- but these were dramatically reduced in amplitude in
comparison to wt. Given that the expression of mPerinant periodicity of 24 hr. The peak of activity in wt
animals occurred near the beginning of circadian night genes in particular is driven both by the circadian clock-
work and by an acute response to light, these attenuatedat circadian time (CT) 12.9  1.12. This corresponded
directly to their rhythm under the lighting schedule. By cycles under a L:DR cycle suggested that the mutation
had compromised the core clockwork or photic sensitiv-contrast, the peak of activity in the mutant animals was
in antiphase to their behavior in L:DR (CT 4.1  0.43), ity of the SCN, or both.
To test the competence of the core circadian clock,shifting immediately as they entered DR:DR (Figures
2E–2H). animals were sampled on the second cycle after transfer
into continuous dim red light. Rhythmic expression ofBehavioral rhythms in nocturnal mammals depend on
two light-dependent mechanisms: entrainment of the mPer1, mPer2, and mCry1 mRNA was observed in the
SCN of wt mice, again peaking in late subjective daycircadian clock by light and direct inhibition of activity
by light (masking) (Aschoff, 1960). In animals lacking a (Figures 4A, 4B, and 4D). In contrast, SCN from Vipr2/
mice exhibited no statistically significant rhythms offunctional circadian clock, either as the consequence
of mutations in genes that are core components of the mPer1, mPer2, or mCry1 mRNA. At all times, expression
was equivalent to that of wt mice at (mPer1) or justclock (Bae et al., 2001; Bunger et al., 2000; van der Horst
et al., 1999; Zheng et al., 2001) or as the result of SCN above (mPer2, mCry1) the respective circadian nadir.
Although there was a statistically significant circadianlesions (Redlin and Mrosovsky, 1999), masking is the
major determinant of wheel-running activity in response cycle (p  0.05) in the expression of mBmal1 (Figure
4C), this was of considerably lower amplitude than thatto cycles of light and darkness. To examine the hypothe-
Cell
500
Figure 2. Wheel-Running Activity in Wild-
Type and Vipr2/ Mice
Representative profiles of locomotor activity
in Vipr2/ (A and C) and wt (B and D) mice
are presented in double-plotted format. Peri-
ods of darkness are shaded. For the first 14
days, animals were exposed to a 12:12 hr,
L:DR cycle (darkness from 19:00 to 07:00).
On day 14, the cycle was advanced by 8 hr
(darkness from 11:00 to 23:00) via a shortened
light period of 4 hr. On day 26, the cycle was
returned to the original lighting regime (dark-
ness 19:00 to 07:00) via a light period of
20 hr. From day 40, animals were maintained
in constant darkness. Following 33 days of
DR:DR, the original cycle was reimposed and
animals were twice transferred into DR:DR to
explore the effects of brief periods of light
during circadian day (days 51–104; data not
shown). For the last 17 days (days 110–126),
an additional five Vipr2/ mice (KO11–KO15)
and one additional wt animal (WT15) were
added to the study. Under a 19:00 to 07:00
L:DR cycle, three 2-hr periods of dim red light
were interpolated into subjective day at 4 day
intervals, the first at 13:00, the second at
11:00, and the third at 16:00. Mean activity
profiles from 13 wt (E and G) and 10 Vipr2/
(F and H) mice under either L:DR (E and F) or
DR:DR (G and H) conditions are plotted in
black with representative plots from individ-
ual animals in gray. The mutant mice exhib-
ited less running wheel activity than the wt
under both L:DR and DR:DR. Activity in both
wt and Vipr2/ mice correlated well with the
L:DR cycle, but under DR:DR the peak of ac-
tivity in Vipr2/ mice was in antiphase to the
original L:DR cycle. The mean activity counts
per 6 min time bin are plotted against circa-
dian time or zeitgeber time (lights on at ZT0).
In (E) and (F), the bar at the top indicates the
dark period in black and the light period in
white; in (G) and (H), the bar at the top indi-
cates subjective night in black and subjective
day in gray.
Circadian Function in VPAC2 Receptor Null Mice
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Table 1. Phenotypic Characteristics of Vipr2/ Mice
Parameter Wild-Type Vipr2/ p Value
Variance in time of activity onset under L:DR 0.116  0.013 0.303  0.059a 0.002
Overall activity in dark phase under L:DR 4.02  0.084 3.64  0.099a 0.001
(expressed in log10 units)
Effects of 8 hr Phase Advance on Activity Onset
Days to reentrain 6.71  0.53 2.40  0.50a 0.001
Day 1 lag in onset (hr) 7.80  0.23 0.58  0.11a 0.001
Effects of 8 hr Phase Retard on Activity Onset
Days to reentrain 2.12  0.15 3.20  0.55 0.143
Day 1 lag in onset (hr) 0.17  0.22 0.53  0.15a 0.025
Proportion of animals active during 2 hr dark periods interpolated 0.43 0.96b 0.021
into circadian day
Ratio of the activity in the dark periods to that observed in light 1.12  0.14 2.47  0.14a 0.001
(expressed in log10 units)
Lag in activity onset (hr) of animals responding to the dark periods 0.75  0.09 0.28  0.06a 0.001
Free-running rhythm () in DR:DR 23.9  0.04 n.d.
Period of rhythmicity (hr) by FFT 24.0  0.05 24.1  0.04 0.83
Time of peak activity (circadian time) 12.9  1.12 4.10  0.43a 0.001
Data presented as mean  SEM. Effects of genotype were analyzed by ANOVA following determination that normality and equality of variance
had been satisfied. The overall activity in the dark phase under L:DR was calculated as the mean daily wheel-running counts during the last
10 days of the L:DR phase prior to entering DR:DR. The number of days taken to reentrain was estimated from the plot of times of onset,
while the lag in activity onset is determined with respect to the time of lights off on the first day of a phase change. Response to the dark
burst was described in terms of the log10 of the proportional increase in activity compared to the preceding light period, the proportion of
animals in the group that did become active (analyzed using Fisher’s exact test), and the mean lag in the onset of activity from the beginning
of the dark burst. In constant darkness (DR:DR),  could only be reliably determined for the wt animals. Inspection of the FFT revealed some
degree of rhythmicity in both groups. However, the peak of activity derived from the 2 periodograms was during the subjective day for the
mutants and during the subjective night for the wt animals.
a There is a significant difference at the 0.05 level between genotypes.
b Contingency tables of expected outcome were examined using Fisher’s exact test where there was a significant difference at the 0.05 level.
Variance in the time of onset was determined from comparison of the standard deviation of the time of activity onset over days 4–14.
observed in wt mice, and the time of peak expression was no suggestion of elevated circadian expression of
mPER1 and mPER2 in individual cells of the SCN. Pro-(CT0) was atypical of the wt cycle. The observation of
weak rhythms of mPer1 and mPer2 expression under tein expression was attenuated at the level of individual
cell nuclei throughout the SCN. Other brain regions ex-L:DR suggested that the SCN of the Vipr2/ mice had
impaired sensitivity to light. However, the ability of the hibited high expression of nuclear mPER, highlighting
the restricted impact of the mutation to rhythmic clockmutants to sustain free-running, circadian gene expres-
sion was lost. gene expression in the SCN.
The expression of mPER1 and mPER2 in the SCN isWe explored the possibility that there might be robust
circadian rhythms of gene expression in individual SCN acutely responsive to light (Albrecht et al., 1997; Field et
al., 2000; Shigeyoshi et al., 1997). To determine whetherneurons of Vipr2/ mice but that synchrony between
cells was lost. If this were the case, a population of SCN exposure to light during the subjective night was able
to upregulate gene expression in the absence of theneurons sampled at any single time should include cells
at their peak and trough of expression, as well as all VPAC2 receptor, mutant and wt mice exhibiting stable
activity/rest cycles under a 12 hr:12 hr lighting cyclephases in between, leading to an overall diminution of
the hybridization signal on film autoradiographs. How- were exposed to light for 6 hr, starting 2 hr after lights off.
As anticipated, this nocturnal exposure to light acutelyever, examination of mPer1, mPer2, and mCry1 expres-
sion at higher resolution by emulsion autoradiography upregulated mPER1 and mPER2 immunoreactivity in the
SCN of wt mice (Figure 6). It had no detectable impact,indicated that gene expression was uniformly low
throughout the SCN at all times (Figure 5A). however, on the levels of expression of these proteins
in the SCN of Vipr2/ mice, confirming the attenuationThe SCN from wt and Vipr2/ mice were sampled at
either CT12 or CT24 and processed by immunocyto- of photic sensitivity in the mutant SCN. We also found
that, whereas there was a robust induction of cFOS-chemistry to monitor rhythmic expression of mPER1 and
mPER2 proteins. wt mice showed a clear rhythm of immunoreactivity in the SCN of wt mice following
exposing mice to light for 1 hr starting 0.5 hr after lightsnuclear immunoreactivity of both mPER1 and mPER2
(Figures 5C and 5D), with very high expression through- off, minimal induction of FOS was observed in the mu-
tants (data not shown; see Supplemental Figure S2 atout the SCN at CT12 and very low expression at CT24,
restricted to a discrete population of cells in the dorsal http://www.cell.com/cgi/content/full/109/4/497/DC1).
In wt mice under DR:DR, mRNA encoding the clock-SCN (Field et al., 2000). In Vipr2/ mice, staining for
the two clock proteins was basal at both sample times, controlled gene AVP (Jin et al., 1999) exhibited the well-
characterized circadian cycle, in phase with mPer1 andconsistent with the observed low levels of mRNA. There
Cell
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We examined the expression of mPer2 mRNA in the
motor cortex and striatum of mice under either a lighting
cycle, where the two genotypes had simultaneous activ-
ity (Figures 3E and 3F), or under DR:DR, when their
activity profiles dissociated (Figures 4F and 4G). In L:DR,
the expression of mPer2 mRNA in the motor cortex and
the striatum was highly rhythmic in both Vipr2/ and
wt mice, peaking at around the time of activity onset
(ZT12). The effect of the null mutation was revealed by
exposure to DR:DR. wt mice showed a robust circadian
rhythm of mPer2 expression in the motor cortex and
striatum, increasing from nadir to peak between CT10
and CT15, i.e., coincident with the onset of circadian
activity at CT12. Under the same conditions, there was
no statistically significant rhythm of mPer2 gene expres-
sion in the cortex or striatum of Vipr2/ mice. The be-
havioral phenotype of the mutant was therefore re-
flected by clock gene expression in two neural sites
mediating spontaneous locomotor activity.
Neuroanatomical Studies
To exclude the possibility of a gross neurochemical or
neuroanatomical abnormality in the SCN of Vipr2/
mice, we compared the distribution of peptide histidine
isoleucine (PHI; cosynthesized with VIP and hence a
marker for VIP neurons) and of neurophysin II (cosynthe-
sized with AVP and hence a marker for vasopressin
neurons) in the SCN of wt and Vipr2/ mice. We also
examined the distribution of retinal afferents to the SCN
using cholera toxin  subunit (Johnson et al., 1988) as
an anterograde tracer. The retinal innervation of the SCN
and the distribution of VIP- and AVP-containing cells
and their efferent fibers were anatomically normal in
the mutant animals although, consistent with the mRNA
data, there was a trend for a reduced level of neurophy-
Figure 3. Expression of Clock Genes under a Light:Dark Schedule sin II in the mutant SCN, but not in the magnocellular
Is Attenuated in Vipr2/ Mice nuclei (data not shown; see Supplemental Figure S3 at
Coronal brain sections from wt (filled circles) and Vipr2/ (open http://www.cell.com/cgi/content/full/109/4/497/DC1).
circles) mice sacrificed every 6 hr under a 12 hr light:12 hr darkness
lighting regime were hybridized with riboprobes encoding mPer2 (A,
DiscussionE, and F), mPer1 (B), mBmal1 (C), and mCry1 (D), and hybridization in
the SCN (A–D), motor cortex (E), and striatum (F) was quantified as
described in Experimental Procedures. The bars at the top indicate Our results show that the VPAC2 receptor is essential
the dark period in black and the light period in white. In the SCN for the expression of robust circadian rhythms of behav-
(A–D), two-way ANOVA revealed significant interactions between ior and that the predominant factor determining the pat-genotype and time of sampling for all four genes: mPer1 (F[3,16] 
tern of wheel-running activity in Vipr2/mice is masking9.07, p  0.001), mPer2 (F[3,16]  36.07, p  0.0001), mBmal1
by light. The behavioral phenotype of Vipr2/ mice is(F[3,16]  10.79, p  0.0004), and mCry1 (F[3,16]  11.63, p 
0.0003). Post hoc analysis confirmed that, although expression of associated with a lack of coordinated clock gene ex-
mPer2, mPer1, mBmal1, and mCry1 varied with time in both wt and pression in the SCN and in other brain areas associated
Vipr2/ mice, the rhythms of expression of all four genes were with spontaneous locomotion. It is also associated with
significantly attenuated in amplitude in the mutant animals. In motor a lack of rhythmic expression of the gene encoding AVP,cortex (E) and striatum (F), two-way ANOVA of the LD data revealed
a key molecular output of the SCN clockwork. Exposurea significant main effect of time but not of genotype (F[3,16] 15.78,
to a light/dark cycle restores apparently normal activity/p  0.0001 in motor cortex; F[3,16]  15.63, P  0.0001 in striatum).
Post hoc analysis confirmed that expression was significantly rhyth- rest cycles in Vipr2/ mice and rhythmic gene expres-
mic in both wt and Vipr2/ mice. sion in locomotor centers, but the molecular cycles
within the SCN are still markedly attenuated. A similar
behavioral phenotype is observed in mCry1/mCry2 dou-
ble knockout mice, which completely lack any circadianmPer2 (Figure 4E). In Vipr2/ mice, this rhythm was
entirely abolished, with levels of mRNA at all times below organization and have activity bouts driven by the pres-
ence or absence of darkness (van der Horst et al., 1999).the nocturnal nadir of wt animals. This effect of the
Vipr2/ mutation on AVP gene expression was specific However, whereas the sensitivity of the SCN to light was
grossly perturbed in mice lacking the VPAC2 receptor,to the SCN. Normal and constant levels of expression
were observed in magnocellular neurons of the supraop- the SCN of mCry knockout and Clock mutant mice retain
some sensitivity to light, as reflected by nocturnal induc-tic and paraventricular nuclei (Figure 5B).
Circadian Function in VPAC2 Receptor Null Mice
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Figure 4. Circadian Rhythmicity in Expression of Clock Genes and AVP in Wild-Type and Vipr2/ Mice
Coronal brain sections from wt (filled circles) and Vipr2/ (open circles) mice sacrificed every 5 hr in constant dim red light were hybridized
with riboprobes encoding mPer2 (A, F, and G), mPer1 (B), mBmal1 (C), mCry1 (D), and AVP (E). Hybridization in the SCN (A–E), motor cortex
(F), and striatum (G) was quantified as described in Experimental Procedures. The bars at the top indicate subjective night in black and
subjective day in gray. In the SCN, two-way ANOVA revealed significant interactions between genotype and time of sampling for all five genes:
mPer1 (F[4,20]  35.92, p  0.0001), mPer2 (F[4,20]  15.26, p  0.0001), mBmal1 (F[4,20]  5.89, p  0.003), mCry1 (F[4,20]  16.26, p 
0.0001), AVP (F[4,20]  12.2, p  0.0001). Post hoc analysis confirmed that, although expression of all five genes varied with time in wt mice,
only mBmal1 was significantly rhythmic in Vipr2/ mice (F[4,10]  3.6, p  0.046). ANOVA revealed significant rhythmicity in mPer2 expression
in both the striatum (F[5,9]  12.93, p  0.01) and motor cortex (F[5,9]  9.93, p  0.01) of wt mice but not in the Vipr2/ mice.
tion of cFos and mPer genes (Okamura et al., 1999; exhibit “circadian” activity/rest cycles in the absence of
a detectable molecular cycle in the SCN, albeit withShearman and Weaver, 1999).
Our in situ hybridization data exclude the possibility poor definition of onsets and offsets and lower overall
amplitude than controls. Remarkably, the phase of thisthat individual SCN neurons retain a robust rhythm of
clock gene expression in the mutant mice and suggest activity was opposite to that shown under the preceding
lighting cycle. This pattern of activity under free-runningthat the VPAC2 receptor is critical for the generation
and/or maintenance of rhythmic activity in the SCN. This conditions is not observed in other circadian mutants.
Previously reported effects include either immediate ar-conclusion is reinforced by preliminary electrophysio-
logical data, which indicate that the in vivo loss of molec- rhythmicity (Cry1/Cry2 and Per1/Per2 double knock-
outs, Bmal1 single knockout) (van der Horst et al., 1999;ular rhythms in the SCN of Vipr2/ mutants is accompa-
nied by a loss of firing rate rhythms within the SCN cell Bae et al., 2001; Bunger et al., 2000) or the expression
of a number of circadian cycles in phase with previousassemblage when recorded from a brain slice prepara-
tion in vitro (HDP, unpublished observations). Firing activity but gradually dampening out, e.g., clock mutant
(Vitaterna et al., 1994) and single Per knockouts (Bae etrates are permanently and uniformly low throughout the
circadian cycle, consistent with the permanent suppres- al. 2001). The origin of this antiphasic temporal organiza-
tion of behavior seen in the Vipr2/ mice in the absencesion of clock gene activation in the mutant SCN.
The behavioral phenotype of the Vipr2/ mice was of SCN cyclicity is not clear, but it may be related to the
limited ability of some non-SCN neural tissues (e.g.,much more severe than those associated previously
with mutations influencing peptidergic signaling path- ventral hypothalamus) to express circadian cycles of
gene expression in vitro at phases different from thoseways in the SCN (Hannibal et al., 2001; Aida et al., 2002).
The rapid behavioral readjustments to photic manipula- of the SCN (Abe et al., 2002). In addition, treatment with
methamphetamine has been shown to induce circadiantions indicate a predominant role of masking and limited
circadian control over activity, consistent with the cellu- activity cycles in SCN-lesioned rodents (Masubuchi et
al., 2001), presumably through a pharmacological ampli-lar data from the SCN. Interpretation of the free-running
behavior is more complicated, however. The mice did fication of weakly rhythmic function at extra-SCN loci.
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Figure 5. Circadian Rhythmicity in Expression of Clock Genes and of AVP Is Lost in Vipr2/ Mice
Brains from wt and Vipr2/ mice were collected across the second cycle in DR:DR and processed by in situ hybridization (A and B) or by
immunocytochemistry (C and D) to monitor circadian patterns of clock gene expression.
(A) Dark-field photomicrographs of emulsion-dipped autoradiographs showing high levels of expression of mPer2 mRNA in the SCN at CT
10 and low expression at CT20 in wt (	/	) mice. This circadian rhythmicity is lost in Vipr2/ (/) mice with levels of expression of mPer2
mRNA being low at both CT 10 and CT 20.
(B) Photomicrographs of film autoradiographs showing a high level of expression of AVP mRNA in the SCN at CT 10 and low expression at
CT 20. This circadian rhythmicity is lost in Vipr2/ mice with levels of expression of AVP mRNA being low at both time points. Levels of
expression of AVP mRNA in the supraoptic (SON) and paraventricular (PVN) nuclei were not affected by circadian time or the mutation.
(C) mPER1 immunoreactivity in representative coronal sections of the SCN of wt and Vipr2/ mice at CT 12 and CT 24.
(D) mPER2 immunoreactivity in representative coronal sections of the SCN of wt and Vipr2/ mice at CT 12 and CT 24. The scale bars for
(A), (C), and (D) equal 100 
m; the scale bar for (B) equals 500 
m.
Loss of SCN-mediated circadian control over behavior gene might lead to circadian dysfunction in the SCN.
First, absence of the VPAC2 receptor may impair retinalby null mutation of the VPAC2 receptor may unmask the
function of these extra-SCN oscillators and give rise to the signaling to the SCN. PACAP (released from retinal affer-
ents) or VIP (released from SCN neurons) might actimprecise, antiphasic cycles observed in the Vipr2/
mice. through the VPAC2 receptor to modulate the efficiency
with which light stimulates the release of glutamate fromThe impaired circadian response to light of Vipr2/
mice is not a consequence of a global deficiency within retinal afferents and/or influence the postsynaptic ac-
tions of glutamate in the SCN. The reduced sensitivitythe visual pathways. The primary visual system and the
ability to learn a conditional task are unaffected by the to light cannot readily account for the loss of circadian
gene expression and electrical firing in the SCN, sincemutation, since Vipr2/ mutants learn and perform a
visually demanding operant signal detection task as ef- robust circadian rhythms can be established and main-
tained in the SCN in the absence of retinal innervationfectively as wt animals (C.S. and H.M.M., unpublished
observations). In fact, the acute behavioral response to (Reppert et al., 1989; Laemle and Ottenweller, 1999). We
propose, therefore, an additional mechanism by whichillumination was more pronounced in the mutant ani-
mals, as revealed by their accelerated readjustment to disruption of the Vipr2 gene might impair circadian activ-
ity. VIP may act as a paracrine reinforcing signal be-changes in the lighting schedule and their enhanced
locomotor activity during periods of darkness. Equally, tween SCN neurons that may be essential for sustained
rhythm generation. Moreover, the presence of VIP sig-the loss of circadian competence in Vipr2/ mice was
not a result of gross morphological disturbance of the naling in the SCN may explain why SCN neurons are
capable of generating long-lasting self-sustained oscil-SCN. The retinohypothalamic projection to the SCN and
the distribution of the two major cell populations of the lations, whereas rhythmic clock gene expression in
other tissues is dependent on periodic reinforcementSCN (VIP and AVP) and their intrinsic and efferent projec-
tions were anatomically normal in the mutant. by neural or hormonal signals. Since the circadian clock
gates its own sensitivity to light, the loss of circadianThere are two levels at which disruption of the Vipr2
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some of the variability in behavior seen in different in-
bred strains of mice, in hybrid crosses of inbred mice,
and in outbred strains (many of which display weaker
circadian control than that seen in our studies of mice
on a C57BL/6J background) is worthy of further investi-
gation.
In conclusion, while it is well established that muta-
tions to core elements of the intracellular clockwork lead
to circadian dysfunction (Antoch et al., 1997; Bae et al.,
2001; Bunger et al., 2000; van der Horst et al., 1999;
Zheng et al., 2001), the current study demonstrates that
a mutation influencing interneuronal signaling via a neu-
ropeptide receptor can have profound consequences
for circadian function within the SCN. Selective agonists
and antagonists of the VPAC2 receptor may be powerful
tools of potential therapeutic importance for the manipu-
lation of the mammalian circadian clock and its associ-
ated disorders. The Vipr2/ mouse provides a powerful
model system with which to explore the role of the SCN
in the control of central and peripheral rhythms of physi-Figure 6. Induction of mPER1 and mPER2 Immunoreactivity by
Light in the SCN of Wild-Type But Not Vipr2/ Mice ology, biochemistry, and behavior.
Mutant and wt mice exhibiting stable activity/rest cycles under a
12 hr:12 hr L:DR cycle were either exposed to light for 6 hr, starting Experimental Procedures
2 hr after lights off (ZT14), or maintained in darkness. The number
of nuclei in the SCN immunostaining for mPER1 and mPER2 immu- Generation of Vipr2/ Mice
A 5.5 kb XbaI fragment containing the 5 promoter region, exon 1,noreactivity was counted. Two-way ANOVA revealed significant in-
teractions between genotype and treatment for both mPER1 part of exon 2, of the Vipr2 gene was isolated from a mouse 129/
Ola strain embryonic stem (ES) cell genomic library, constructed in(F[1,12]  204.85, p  0.0001) and mPER2 (F[1,12]  10.82, p 
0.007). Post hoc analysis revealed that the number of nuclei immuno- the bacteriophage vector 2001 (provided by Dr. Andrew Smith,
Centre for Genome Research, Edinburgh) by screening with a 246 bpstaining for both mPER1 and mPER2 was significantly elevated
following 6 hr of light only in the wt animals. probe encoding the 5 end of the mouse Vipr2 cDNA, isolated by
5-RACE (Figure 1A). A 132 bp EheI - SacII fragment (containing the
translation start site) of this XbaI fragment was replaced with a
timing in the mutants may compromise nocturnal upreg- cassette containing lacZ cDNA, modified with a nuclear localization
signal (nls), upstream of the neomycin-resistance gene (Neor) drivenulation of the sensitivity of the SCN to signals from the
by the herpes simplex virus thymidine kinase promoter (Figure 1B).retina, thereby reducing further the impaired photic re-
Homologous recombinants were isolated following electroporationsponse.
of the targeting construct into the E14/4 129/Ola ES cell line (kindThe signaling pathways downstream of the VPAC2 gift of Dr. Austin Smith) at a concentration of 10 
g DNA/106 ES
receptor that mediate the influence of this receptor on cells. G418-resistant clones were isolated and checked for incorpo-
the circadian system remain to be identified, although ration of the construct by PCR using two primer pairs. Primers P1
(5-TTCAGAGGGAAGTAGGGGTGGAAGGAGGGACG-3) from the 5activation of cAMP-dependent signaling cascades is
region of exon 1 and P2 (5-TACCTCTCTGATTCTCCGTTTGGCTGCpresumably important. The observation that mPer and
TTAGC-3), spanning the junction of exon 2 and intron 2, gave risemCry gene expression is basal at all times suggests that
to a 2.5 kb product from the unmodified Vipr2 allele and a 7.2 kbthe positive limb of the core molecular loop is compro-
product from the disrupted allele (Figure 1F). Primers P3 (5-CGC
mised and that CLOCK::BMAL-mediated gene expres- TTCCTCGTGCTTTACGGTATCGCCGCTCC-3) from the 3 end of
sion is perturbed in the mutant SCN. Recent studies the Neor gene and P4 (5-TCCCCACTGTCACAAGGCTACATTAG
TTTTGC-3) in intron 2 gave rise to a 2.5 kb product from the targetedindicate that the ability of CLOCK::BMAL heterodimers
allele but no product from the wt allele or from randomly integratedto bind DNA is influenced by redox state (Rutter et al.,
ES cell clones (Figure 1G). PCR was performed with the ExpandTM2001), while the function of these and other clock pro-
Long Template PCR System (Boehringer) under the following condi-teins appears to be highly regulated by phosphorylation
tions: 94C (2 min) for one cycle; 94C (10 s), 65C (30 s), and 68C
(Lee et al., 2001). Future characterization of the effect (12 min) for 10 cycles; 94C (10 s), 65C (30 s), and 68C (12 min)
of impaired VIP signaling on the status of these clock with 20 s extension/cycle for 20 cycles, and finally 68C for 7 min.
The desired targeting event was confirmed by Southern hybridiza-components will be an important contribution to defining
tion of Eco RI digests of genomic DNA from the positive ES cellthe role of the VPAC2 receptor in circadian timing.
clones with (1) a 1 kb ScaI-XbaI fragment 3.2 kb upstream of exonThe mouse Vipr2/ gene is localized to chromosome
I that labeled a 4.5 kb fragment in targeted alleles and a 7.1 kb12F2 (Mackay et al., 1996), close to Angle-2, a quantita-
fragment in wt (Figure 1D) and (2) a 823 bp probe with part of the
tive trait locus influencing the phase angle of circadian TK promoter and the 5 region of the Neor gene that detected a 3.3
entrainment in C57BL/6J  BALB/cJ F2 hybrid mice kb fragment in targeted alleles only (Figure 1E).
Cell lines carrying the Vipr2 disruption, which were normal in(Shimomura et al., 2001). Our studies of the wheel-run-
karyotype and morphology, were injected into C57BL/6J blasto-ning activity of Vipr2/mice on a mixed 129P2OlaHsd
cysts. Overtly chimeric males were mated to C57BL/6J females,C57BL/6J F2 background enabled us to exclude the
and agouti offspring were checked by PCR of tail-tip DNA. Germlinehypothesis that a tightly linked 129/Ola locus distinct
transmission of the targeted allele was obtained from two clones.
from the Vipr2/ gene might account for the behavioral The proposed official name of the allele is Vipr2 tm1A jh. Vipr2 tm1A jh mice
phenotype of Vipr2/ mice. However, the possibility were established on a 129P2/OlaHsd-C57BL/6J mixed genetic back-
ground and subsequently backcrossed into the C57BL/6J back-that allelic variation at the Vipr2 locus may account for
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ground for seven generations to analyze the null mutation in a more fered saline (PBS) followed by 4% paraformaldehyde under terminal
anesthesia. After overnight cryopreservation in 20% sucrose in PBS,uniform genetic background (Banbury Conference, 1997).
brains were sectioned at 30 
m, and alternate sections were pro-
cessed for immunostaining using anti-mPER1 (1:8000) (Hastings etAnalysis of Vipr2 Gene Expression
al., 1999) or affinity-purified, anti-mPER2 antiserum (Field et al.,by Radioreceptor Autoradiography
2000) (Alpha Diagnostic International, San Antonio, TX, USA, 1 
g/ml).Serial frozen sections (20 
m) at the level of the SCN from brains
Primary antisera were visualized by avidin-biotin-peroxidase in con-of three wt and three Vipr2/ mice were processed for receptor
junction with diaminobenzidine chromogen (Vector Laboratories,autoradiography. VPAC2 receptors were identified with the VPAC2-
Peterborough, UK). Sections were viewed on a Leitz (Wetzlar, Ger-selective radioligand 125I-Ro 25-1553 (Reubi et al., 2000). VPAC2-
many) microscope fitted with a Hamamatsu (Hamamatsu City, Ja-expressing tissue (gastric smooth muscle) and VPAC1-expressing
pan) CCD camera (C3077) linked to an Apple Macintosh computertissue (gastric mucosa) were run as positive and negative controls,
running Image version 1.49 software (Dr. Wayne Rashband, NIH,respectively. For the identification of VPAC1 receptors, 125I-VIP was
Bethesda, MD, USA) to count the number of immunoreactive nucleiused as radioligand. Displacement of its specific binding by the
in the SCN.selective VPAC1 receptor agonist [Lys15Arg16Leu27]VIP(1-7)GRF(8-
27)-NH2 (KRL-VIP/GRF: 20 nM) but not by Ro 25-1553 indicated the
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